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Background: Incomplete antiretroviral therapy (ART) adherence has been linked to deleterious 

immunologic, inflammatory, and clinical consequences, even among virally suppressed (<50 

copies/mL) persons with HIV (PWH). The impact of improving adherence in the risk of severe 

non-AIDS events (SNAEs) and death in this population is unknown. 

Methods: We estimated the reduction in the risk of SNAEs or death resulting from an increase 

in ART adherence by: a) applying existing data on the association between adherence with high 

residual inflammation/coagulopathy in virally suppressed PWH, and b) using a Cox proportional 

hazards model derived from changes in plasma interleukin (IL)-6 and d-dimer from three 

randomized clinical trials. Comparatively, assuming 100% ART adherence in a PWH who 

achieves viral suppression, we estimated the number of persons in whom a decrease in adherence 

to <100% would need to be observed for an additional SNAE or death event to occur during 3- 

and 5-year follow-up. 

Results: Increasing ART adherence to 100% in PWH who are suppressed on ART despite 

imperfect adherence translated into a 6-37% reduction in the risk of SNAEs or death. 

Comparatively, based on an anticipated 12% increase in IL-6, 254 and 165 PWH would need to 

decrease their adherence from 100% to <100% for an additional event to occur over 3- and 5-

year follow-up, respectively. 

Conclusions: Modest gains in ART adherence could have clinical benefits beyond virologic 

suppression. Increasing ART adherence (e.g., via an intervention or switch to long-acting ART) 

in PWH who remain virally suppressed despite incomplete adherence should be evaluated. 

Keywords: adherence; inflammation; coagulopathy; HIV; viral suppression 

INTRODUCTION 

In the early days of antiretroviral therapy (ART), high adherence (i.e., ≥95%) was typically 

required to achieve and sustain viral suppression, mainly due to the unfavorable 

pharmacokinetics of older antiretrovirals
1
. However, with advances in modern ART, adherence 

as low as 80-85% (or lower)
2-6

 is likely sufficient to achieve this goal, prevent HIV-related 

disease progression, and inhibit HIV transmission. This pharmacologic ‘forgiveness’ is 

advantageous because it allows for missed doses without penalty on viral suppression, aligns 

with the adherence barriers encountered in life (e.g., competing priorities, pill fatigue, structural 

barriers), and supports the premise of “Undetectable=Untransmittable
7
. Yet, the clinical 

consequences of achieving viral suppression (typically defined as achieving a viral load <20 or 

<50 copies/mL in plasma) with imperfect adherence, which potentially allows low-level viral 

replication
8-10

, remain poorly understood.  
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Evidence is emerging that incomplete (i.e., <100%) adherence to ART, even if sufficient to 

achieve and sustain viral suppression through modern clinical cutoffs, is associated with 

deleterious immunologic and clinical consequences, including higher residual inflammation
11-15

, 

immune activation
13,16

, coagulopathy
13,15-17

, non-cardiovascular disease (non-CVD) mortality
17

, 

and progression of coronary stenosis
18

. However, the absolute risk reduction in clinical events 

for each quantifiable change in treatment adherence is unknown. To address this gap, we 

combined findings from clinical studies of ART adherence and biomarkers of inflammation and 

coagulopathy (i.e., IL-6 and d-dimer) with data that translate changes in these biomarkers with 

clinical events; our goal was to estimate the effect that a change in ART adherence would have 

on serious non-AIDS events (SNAEs) and death in persons with HIV (PWH) who are 

virologically suppressed. 

METHODS 

Literature review 

 To encompass all data available in the topic, we first performed a literature review of 

studies that reported an association between ART adherence and biomarkers of inflammation, 

immune activation, or coagulopathy. This was not intended to be a systematic review, but rather 

a literature search of published literature in the topic to include all studies that reported plasma 

concentrations of inflammatory biomarkers according to different ART adherence thresholds 

limited to PWH with viral suppression (to reduce the known effect of viremia on these 

biomarkers)
19

. This literature search was conducted on 24 August 2022 in PubMed and Google 

Scholar and included the following terms: HIV, human immunodeficiency virus, adherence, 

inflammation, immune activation, coagulopathy, interleukin-6/IL-6, and d-dimer. Only studies 

that quantified IL-6 and/or d-dimer were included because these biomarkers were utilized in a 

previously published Cox proportional hazard model by Grund, et. al
20

, which modeled data 

from the control arms from three landmark studies (SMART [Strategies for Management of 

Antiretroviral Therapy]
21

, ESPRIT [International Study to Evaluate Recombinant Interleukin-2 

in HIV Positive Patients Taking Antiretroviral Therapy]
22

, and SILCAAT [Interleukin-2 Plus 

Antiretroviral Therapy for HIV-Infected Patients With Low CD4
+
 Counts])

22
, and established a 

strong association between these biomarkers and SNAEs or death among PWH with suppressed 

virus.  

Statistical analysis 

 Data Synthesis: We graphically combined findings from the Cox model by Grund, et. 

al.
20

 with estimated percent differences in IL-6 and d-dimer between PWH with high (i.e., 100%) 

and low (i.e., <100%) adherence PWH
11-15,23

 to illustrate the impact that increasing ART 

adherence may have in the risk of SNAE or death (CVD, end-stage renal disease, decompensated 
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liver cirrhosis, non-AIDS cancer and death due to any cause)
20

. Percent reductions assume the 

estimated decrease in IL-6 and d-dimer are relative to a baseline value. 

Statistical Modeling: Conversely to our estimation on the risk reduction on SNAE or death 

driven by an increase in adherence, we also aimed to estimate the number of PWH who 

would need to reduce adherence before an additional snaes or death were to be observed. 

This approach was selected as we assumed that most PWH who achieves viral suppression 

is highly adherent to ART at some point during the course of their treatment (e.g., early 

stage of treatment initiation)
24,25

, but that a decrease in adherence –without the 

development of viremia– is expected in some patients
2,3

. To achieve this, we used a 

simplified version of the Markov model developed by Serrano-Villar, et. Al.
26

, where we 

inputted the change in biomarkers available in the literature to estimate the number of 

PWH who would need to reduce adherence before an additional SNAE or death is 

observed. This model relied on previously published Kaplan-Meier curves illustrating the 

cumulative number of participants with an event by IL-6 quartile
20

 with separate Weibull 

distributions fit to each quartile specific curve, from which in-year probabilities of a SNAE 

or death were derived. In addition to the model by Serrano-Villar, et. Al.
26

, we utilized least 

squares optimization to fit Gamma distributions to IL-6 quartiles published by Grund, et. 

Al.
20

, and subsequent movement between quartiles was based on previously reported 

elevated plasma IL-6 levels for those with <100% ART adherence. We assumed a one-time 

increase in plasma IL-6 with subsequent events predicted over a 3- or 5-year time follow-

up.  

Results 

Data on the Association between Suboptimal ART Adherence, Inflammation, and 

Coagulopathy 

 Based on our literature review, we identified several studies were the association between 

suboptimal ART adherence and high residual inflammation was observed. In the Multicenter 

AIDS Cohort Study (MACS), data from 921 men with HIV who were virologically suppressed 

on ART to <50 copies/mL were analyzed
11

. ART adherence was quantified by self-report in the 

preceding 4 days and assessed whether this pattern was typical in the period between study visits 

(6 months). In this analysis, <100% ART adherence was associated with higher biomarkers of 

inflammation in the range of 11-21% relative to 100% adherence after multivariate adjustment
11

. 

In particular, men who reported <100% ART adherence had 12% higher plasma IL-6 compared 

to those with 100% adherence (D-dimer was not evaluated) (Table 1)
11

, and the association with 

interferon gamma was more pronounced among men taking non-nucleoside reverse transcriptase 

inhibitor-based when compared to men taking a ritonavir boosted protease inhibitor-based 

regimen
11

. When <100% adherence was dichotomized as <85% vs. 85-99%, these associations 

were overall similar but driven mostly by <85% adherence (16% higher concentrations in IL-6 in 

men who reported <85% adherence compared to those with 100% adherence)
11

. In a follow-up 
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analysis in this same cohort, using data from 1,469 men (including men with HIV who reported 

<100% ART adherence and men without HIV), <100% ART adherence was associated with 

17% higher plasma concentrations of IL-6 when compared to men without HIV (Table 1)
23

. 

Interestingly, in this additional analysis, there was no significant difference in the concentrations 

of IL-6 in men with HIV who reported 100% adherence when compared to men without HIV 

(6%, 95% CI -0.9 to 13), suggesting that optimal adherence may minimize residual immune 

activation in HIV to modest or negligible levels
23

. 

 Following the observations in the MACS study, the association between suboptimal 

adherence and increased inflammation was confirmed in PWH enrolled in two large randomized 

clinical trials where adherence was measured by 7-day self-report. Using baseline data from 

3,056 participants enrolled in the SMART study who were virologically suppressed to <200 

copies/mL, plasma concentrations of IL-6 and D-dimer were 9% and 11% higher in participants 

who reported suboptimal vs. 100% adherence, respectively, after adjustment (Table 1)
15

. This 

was followed by an analysis of 1,627 participants who initiated ART as part of the Strategic 

Timing of Antiretroviral Treatment (START) study and who achieved virologic suppression 

(<50 copies/mL) at the eight-month visit. In that analysis, and after adjusting for covariates, 

plasma concentrations of IL-6 were 12% higher in participants reporting <100% vs. 100% 

adherence, without any significant differences observed in D-dimer
12

. 

 The relationship between ART adherence with residual inflammation and coagulopathy 

has also been evaluated using more objective adherence measures, such as electronic adherence 

monitoring. In the Uganda AIDS Rural Treatment Outcomes (UARTO) cohort, data from 282 

treatment-naïve PWH who achieved viral suppression (<400 copies/mL) within 6 months after 

treatment initiation, and in whom adherence was measured using Medication Event Monitoring 

System (MEMS) electronic pill bottles.
13

 In this study, for every 10% increase in average ART 

adherence, there was a 15% and 11% decrease in IL-6 and D-dimer, respectively, after 

adjustment for covariates (Table 1)
13

. A subsequent analysis in this cohort found a 14% and 10% 

increase in IL-6 and D-dimer, respectively, for every 9 days spent in an ART adherence 

interruption (Table 1)
16

. A similar analysis was conducted in the Monitoring Early Treatment 

Adherence (META) study, which enrolled treatment-naïve PWH who initiated ART in Uganda 

and South Africa during early (CD4
+
 T-cells >350 cells/mm

3
) or late (CD4

+
 T-cells <200 

cells/mm
3
)-stage disease and utilized a real-time electronic monitoring pill container to measure 

adherence (Wisepill
TM

)
14

. Among individuals in the META study population who achieved and 

sustained viral suppression (<400 copies/mL) at 6 and 12 months (n=488), a 10% higher average 

ART adherence was associated with a 3% lower IL-6 at the 12-month visit in the adjusted 

analysis (Table 1). This finding was consistent in PWH who initiated treatment both in early- 

(6% lower) and late-stage (4% lower) disease. No significant associations with D-dimer were 

observed (Table 1)
14

.  

 While the data supporting the association between suboptimal ART adherence with high 

residual activation and coagulopathy in the setting of viral suppression are robust, the clinical 
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translation of this relationship is poorly understood and has only been evaluated in two studies. 

Within the Swiss HIV Cohort study, an analysis in 6,971 PWH who were virally suppressed 

(<50 copies/mL) demonstrated that individuals who reported suboptimal adherence had a 

significantly increased risk of non-CVD-related mortality in an adjusted competing risk model, 

with a hazard ratio of 1.44 and 2.21 if they reported missing ≥1 and ≥2 ART doses in the 

preceding month, respectively
17

. In this analysis, PWH with suboptimal adherence also exhibited 

an increased risk of CVD events, although this difference was not statistically significant (hazard 

ratio 1.23; 95% CI 0.85 to 1.8)
17

. Recently, an analysis in the MACS demonstrated that viremia 

was associated with greater progression of coronary stenosis in men with HIV using serial 

computed tomography angiography
18

. Interestingly, when limiting this analysis to the 212 men 

with HIV who were virologically suppressed (<50 copies/mL), imperfect ART adherence was 

found to be associated with disease progression; within this group, men who reported <100% 

adherence had greater progression of coronary stenosis (relative risk 1.91) when compared to 

men who reported 100% adherence
18

. 

Data synthesis of the risk of snaes and death with percent change in IL-6 and D-dimer  

 Based on the previously published model by Grund, et. al.
20

, we initially utilized the point 

estimates observed in the MACS (which only quantified IL-6)
11

 and estimated that increasing 

ART adherence from <100% to 100% and from <85% to 100% could reduce the risk of SNAE 

or death by approximately 21-23%, respectively (Table 2 and Figure Panel A). By comparison, 

using results from SMART
15

 and START
12

, achieving 100% adherence would reduce the risk of 

an event by approximately 15% and 11%, respectively (Table 2 and Figure Panel B). Based on 

the results from META (early and late disease stage groups)
14

, an increase in 10% adherence 

(e.g., from 90% to 100%), would translate into a 9% and 6% risk reduction, respectively (Table 

2 and Figure Panel B). Finally, using results from UARTO
13

, a 10% increase in adherence 

(from 90% to 100%) would result in a reduction of approximately 21% in the risk of SNAE or 

death, while an adherence increase in 20% (from 80% to 100%), could reduce this risk by 

approximately 37% (Table 2 and Figure Panel B). 

Estimated number of PWH that need to reduce ART adherence for an additional SNAE or 

death to occur. 

In the MACS, men who reported <100% ART adherence had 12% (95% CI: 2%, 22%) higher 

plasma IL-6 concentrations compared to those with 100% adherence
11

. Assuming an initial 

average increase of 12% in plasma concentrations of IL-6 –and comparing SNAEs or death to a 

population with no change– a reduction in adherence would need to be witnessed in 165 PWH 

for an additional SNAE or death event to occur over a 5-year follow-up (Table 3). When 

considering a 3-year follow-up, an additional event is estimated to occur after 254 PWH decrease 

their adherence. Comparatively, assuming a 22% increase in plasma concentrations of IL-6 (i.e., 

higher estimate of the confidence interval
11

), one additional SNAE or death would be observed 

after 146 and 95 PWH decreased their adherence to <100% over a 3-year and a 5-year follow-up, 
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respectively (Table 3). Additional predicted number of individuals corresponding to a lower 

range in the increase in plasma concentrations of IL-6 observed in the MACS
11

 are shown in 

Table 3.  

DISCUSSION 

Extrapolating data that relates imperfect ART adherence to increased inflammation, and high 

inflammation to adverse outcomes, we demonstrate that achieving optimal ART adherence 

among PWH who are virally suppressed could have substantial benefits in terms of reductions in 

SNAE and death. For example, our model estimates that increasing adherence from 90% to 

100% could lead to an estimated reduction in the composite outcome of SNAE or death of 6% 

(META) to 21% (UARTO), which could further increase up to a 37% reduction for a 20% 

increase in adherence (UARTO). Comparatively, considering that most (if not all) PWH who 

achieve viral suppression are 100% adherent to ART, as few as 95 PWH would need to decrease 

their adherence to observe one new SNAE or death. These data provide a strong rationale for 

interventions to further improve adherence to ART in a patient population in whom it would 

have been otherwise been overlooked (i.e., PWH with an undetectable HIV VL). 

While wide, the potential reduction in the risk of SNAE or death in the range of 6%-37% gained 

through improved adherence is comparable to that of statins (20% lower risk of cardiovascular 

death)
27

 or aspirin (22% reduction in non-fatal myocardial infarction)
28

 in the general population. 

It is likely that this broad range of risk reduction was due to the diverse studies utilized in this 

modeling, which included distinct patient populations on different antiretrovirasl. Our results are 

also similar to data on adherence to other cardiovascular preventative therapies, which also show 

a dose response in terms of reductions in events
29

. Nonetheless, clinical data directly linking 

improved adherence to clinical outcomes, or a potential clinical trial using an intervention to 

improve adherence in PWH with imperfect adherence in the setting of suppression, are needed to 

better support these modeled estimates. Outside of the need for an interventional trial, studies of 

surrogate endpoints (e.g., biomarkers of inflammation and pre-clinical disease) could assess the 

impact of adherence beyond viral suppression. In fact, several recent randomized studies, 

including the QUATUOR and BREATHER studies, have established non-inferiority of less-

than-daily ART dosing in well-controlled PWH for maintenance of viral suppression, without an 

increase in biomarkers of inflammation, immune activation or coagulopathy in the non-daily 

ART arm
4,30

. However, the study populations in these trials were followed for short periods of 

time and were highly selected for long-standing suppression with specific ART regimens, which 

may not represent the majority of ART-treated PWH. In comparison, a recent modeling study 

projected that two-drug ART regimens, which are theoretically less potent ART strategy, are 

associated with a long-term increase in inflammation (IL-6)
31

. Further studies to assess the 

benefits of improving ART adherence beyond viral suppression, including the switching PWH 

who are virally suppressed but <100% adherent to long-acting injectables, are needed. 
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Reducing residual inflammation, coagulopathy and the risk of SNAEs and death is of growing 

importance for PWH, particularly because SNAE are increasingly the most common cause of 

morbidity among PWH, and interventions (e.g., statins, anti-inflammatories, aspirin) aimed at 

reducing them have been mostly unsuccessful
32

. Moreover, increasing ART adherence could be 

theoretically achieved without introducing new medications, reducing the risk for polypharmacy 

(which could further decrease ART adherence
33

), and without anticipating additional toxicity. 

Health education about the positive secondary effects or improving adherence could serve as a 

framework for clinicians and patients to address imperfect adherence, in a similar fashion that 

the 10-year cardiovascular risk assessment does when discussing smoking cessation or blood 

pressure control
34

, or to discuss initiation of long-acting antiretroviral therapy when imperfect 

adherence is identified, even if viral suppression is sustained. For patients, understanding the risk 

reduction associated with high adherence could increase their awareness of the health 

implications of missed doses, even if they remain undetectable. 

While our model provides a clinically relevant translation for improving ART adherence in PWH 

who are virally suppressed, limitations to this anticipated effect must be outlined. First, we 

modeled two sets of correlated data on adherence and inflammation, and one separate set of data 

on specific inflammatory biomarkers on clinical outcomes. In particular, it is possible that 

referenced studies could have underestimated adherence (and the observed associations) since 

they mostly used short-term self-report as their adherence measure. Similarly, the limited use of 

integrase strand-transfer inhibitors INSTIs) use in these reports would limit the interpretability of 

these data, in particular given their high antiviral potency. To date, data directly linking 

adherence with clinical outcomes among PWH who are virologically suppressed, or studies 

focusing on other biomarkers (e.g., soluble CD163 or soluble tumor necrosis factor receptors) 

and modern ART regimens (i.e., integrase inhibitor-based ART), are lacking. Second, 

confounders could also explain these relationships. For example, higher ART adherence could be 

a surrogate marker of positive health behaviors (i.e., no smoking, frequent exercise, healthy diet) 

or higher adherence to other pharmacologic interventions, such as aspirin or statins. In addition, 

we did not assess the effect of gender in our findings as most of the data used was derived from 

men. This is of particular importance given recent findings demonstrating that residual 

inflammation may be higher in women and that their relationship with clinical outcomes may be 

stronger
35

. Third, our proposed reduction in SNAEs or death requires mechanistic confirmation 

to demonstrate that high adherence can lead to lower inflammation via less cumulative viral 

replication in multiple tissues (including time between viral load assessments) and, in turn, to a 

reduced risk of events. Further research to elucidate the mechanisms behind these associations is 

needed. 

In conclusion, suboptimal ART adherence, even if sufficient to achieve and sustain viral 

suppression, is associated with high residual inflammation and coagulopathy, which are in turn 

associated with a higher risk of SNAEs and death. We estimate that increasing ART adherence 

from <100% to 100% could lead to a reduction of up to 37% in the risk of SNAEs or death based 
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on its impact on IL- 6 and d-dimer –without the need for any additional medications or potential 

drug toxicity– and could impact a significant number of otherwise well-controlled PWH. This 

finding makes improving adherence an attractive intervention to reduce inflammation, improve 

coagulopathy and, ultimately, reduce morbidity and mortality in PWH who are <100% adherent. 

Future studies are needed to assess whether adherence interventions, or if switching to long-

acting ART to achieve high and durable drug exposure, in PWH with low adherence and 

virologic suppression can lead to clinical benefit.  
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Table 1. Summary of available data demonstrating an association between suboptimal 

antiretroviral adherence and inflammation/ coagulopathy in persons with HIV who are virally 

suppressed while on antiretroviral therapy. 

 

IL-6: interleukin-6; MACS: Multicenter AIDS Cohort Study; SMART: The Strategies for Management of 

Antiretroviral Therapy; START: Strategic Timing of Antiretroviral Therapy; UARTO: Uganda Aids Rural 

Treatment Outcomes; META: Monitoring of Early Treatment Adherence; MEMS: Medication Event Monitoring 

System; ART: antiretroviral therapy; PWH: persons with HIV; 95% CI: 95% confidence interval; NS: not 

significant. 

Table 2. Modeled reduction in the risk of a severe non-AIDS event and/or death based on the 

change in plasma interleukin-6 and d-dimer for persons with HIV who are virally suppressed and 

increase their antiretroviral adherence (based on a Cox proportional hazard model by Grund, et. 

al.
20

). 
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SNAE: Severe non-AIDS event; MACS: Multicenter AIDS Cohort Study; SMART: The Strategies for Management 

of Antiretroviral Therapy; START: Strategic Timing of Antiretroviral Therapy; UARTO: Uganda Aids Rural 

Treatment Outcomes; META: Monitoring of Early Treatment Adherence; MEMS: Medication Event Monitoring 

System; ART: antiretroviral therapy; PWH: persons with HIV; 95% CI: 95% confidence interval. 

Table 3. Estimated* number of virally suppressed persons with HIV on ART who would need to 

reduce ART adherence from 100% to <100%to observe an additional SNAE or death over 3 and 

5 years based on the change in plasma interleukin 6. 

 

*Assumes that PWH who achieve viral suppression is 100% adherent to ART but that a decrease in adherence –

without the development of viremia– is expected in some patients. SNAE: Severe non-AIDS event; ART: 

Antiretroviral Therapy; IL-6: interleukin-6. Changes in plasma IL-6 represent the model estimated, 95% confidence 

interval levels from the Multicenter AIDS Cohort Study
36

.  

Figure 1. Modeled (95% CI) reduction in the risk of a severe non-AIDS event or death as a 

result of an increase in ART adherence (i.e., intervention) based on a Cox proportional hazard 

model by Grund, et. al.
20
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Panel A demonstrates risk reduction based on data from MACS that used self-reported adherence. Panel B 

demonstrates risk reduction based on data from observational cohorts in Africa and interventional clinical trials that 

used self-reported adherence and electronic adherence monitoring. Solid black lines represent predicted risk 

reductions (i.e., 10%, 20%, etc.). Filled squares represent the estimate, and the colored lines represent the 95% CI 

for each estimate. Open squares represent the 95% CI upper and lower limits of the estimated risk reduction with 
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their corresponding 95% CI. UARTO 10% and UARTO 20% increase represent a 10% and 20% increase in ART 

adherence, respectively. MACS: Multicenter AIDS Cohort Study; SMART: The Strategies for Management of 

Antiretroviral Therapy; START: Strategic Timing of Antiretroviral Therapy; UARTO: Uganda Aids Rural 

Treatment Outcomes; META: Monitoring of Early Treatment Adherence. Adapted from Grund, et. al.
20

. 
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